A cluster composed of a few magnetic atoms assembled on the surface of a nonmagnetic substrate is one suitable realization of a bit for future concepts of spin-based information technology. The prevalent approach to achieve magnetic stability of the bit is decoupling the cluster spin from substrate conduction electrons in order to suppress spin-flips destabilizing the bit. However, this route entails less flexibility in tailoring the coupling between the bits which is ultimately needed for spin-processing. Here, we show using a spin-resolved scanning tunneling microscope, that we can write, read, and store spin information for hours in clusters of only three atoms strongly coupled to a substrate featuring a cloud of non-collinearly polarized host atoms, a so called non-collinear giant moment cluster (GMC). The GMC can be driven into a Kondo screened state by simply moving one of its atoms to a different site. Owing to the exceptional atomic tunability of the non-collinear substrate mediated Dzyaloshinskii-Moriya interaction, novel concepts of spin-based information technology get within reach, as we demonstrate by a logical scheme for a four-bit register.
corresponding arrays consisting of magnetic atoms have been intensely studied as the basic constituents for future spin-based information storage (5, 6) and processing (7) schemes.
One of the main hurdles in the former respect is to achieve long spin-energy relaxation anddecoherence times (8, 9) of the spin states, which is usually established by two ingredients.
First, a large energy barrier separating the spin states, provided by the so-called magnetic anisotropy energy (MAE) (10) , is needed, in order to prevent the system from undergoing thermally-induced fluctuations at sufficiently low temperatures. Second, the spin states need to be protected from quantum tunneling (11) , and from scattering by electrons (the so-called Kondo scattering (12) ) or by phonons (13) from the substrate, which can shortcut the MAE barrier. To this end, an appropriate tuning of the MAE (14) and a decoupling of the spins of the array from the substrate electrons using rare earth atoms (15, 16) in combination with thin decoupling layers (13, 17, 18) , superconducting (19) , or semiconducting substrates (20) , was usually pursued. However, with respect to spin processing, a tunable communication between the arrayspins is essential. Following the decoupling layer approach, communication with stable spin states is so far restricted to dipolar (21) and superexchange coupling which offers limited flexibility.
A much larger flexibility can be achieved by the contrary, i.e. strongly coupling the array-spin to substrate electrons leading to Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions (22) , which can transfer spin information between two arrays (7) , and can be tuned in strength, sign and even non-collinearity (23) . In view of applications, it is therefore a formidable task to realize an array of few atoms with a long spin-energy relaxation time useable for information storage, which at the same time, is sufficiently coupled to substrate conduction electrons in order enable strong RKKY coupling to the array. Moreover, the use of heavy substrate materials would additionally feature strong spin-orbit coupling, leading to highly non-collinear Dzyaloshinskii-Moriya contributions to the RKKY interaction (23) which can potentially add functionality to the system. Long-range interactions are typically promoted in a substrate material that almost fulfills the Stoner criterion for ferromagnetism, such as Rh (24) , Pd (25) or Pt (10, 22, 23, (26) (27) (28) (29) . As a consequence, such materials display a large cloud of magnetically polarized host atoms, leading to a strongly enhanced total magnetic moment of the impurity-polarization cloud system, which was therefore referred to as a giant moment (GM) in the early days of research on magnetic alloys (30). Theses heavy substrate materials also support non-collinear magnetization states of the GM systems and Dzyaloshinskii-Moriya interactions (23) , and are thus ideal candidates for the pursuit of a magnetically stable cluster which can be accessed by strong non-collinear RKKY interactions. With respect to information storage and processing applications, the main open questions are, thus, whether the MAE of such a non-collinear GM system can be tuned such that Kondo screening (31) and quantum tunneling processes (13) are avoided and the system is driven to support stable spin states as in a classical magnet (32).
Results

GMC fabrication
In order to realize potentially stable magnets directly coupled to a heavy substrate with strong spin-orbit coupling, we build giant moment clusters (GMCs), each consisting of three iron (Fe) atoms that are assembled into a triangular array on the (111) surface of a platinum (Pt) single crystal ( Fig.1 , see Methods). Each Fe atom can sit on one of the two hollow adsorption sites, face centered cubic (fcc) or hexagonally closed packed (hcp), on the lattice of the Pt surface atoms (33). The Fe atoms are free from adsorbed hydrogen (34) as indicated by their small apparent height (see Supplementary Fig.1 ). By lateral atom manipulation three Fe atoms are placed artificially on next nearest neighboring adsorption sites of the same type in the most compact triangular geometry (Fig.1 a) . In this way, four different species of GMCs can be built 
DFT calculations
Before we proceed with the detailed experimental investigation of these excitations, we describe spin-polarized density functional theory (DFT) calculations within the Korringa-Kohn-Rostoker Green function (KKR-GF) method (Fig.2 , see Methods). Such calculations were performed in order to study the non-collinear GMC character of the trimers, which is expected from the large atomic mass and the Stoner enhancement of the substrate (23, 29) . We find, that, for all four cluster types, the magnetic moments of the three iron atoms are coupled approximately 3 ferromagnetic with an exchange interaction of several ten to hundred millielectron-volts (see Eq. 4 in Supplementary Note 2 for the used Hamiltonian and Supplementary Table 2 for the parameters). Moreover, there is a large cloud of more than a hundred spin-polarized Pt atoms in the vicinity of each cluster (Fig.2a) , adding up to a total magnetic moment of the whole cluster/substrate system of tot ∼ 12 B for fcc hollow/top and hcp top, and of tot ∼ 13 B for hcp hollow (see Supplementary Table 1 for the distribution of spin and orbital moments). Closer inspection shows that, while there are considerable non-collinearities of the spins in the polarization cloud, the Fe atom spins have tilting angles of only ≤ 4°, since the DzyaloshinskiiMoriya contribution ∥ to the exchange is an order of magnitude smaller than . The only exception is the hcp top cluster, where ∥ ∼ 0.5 leads to tilting angles of up to ∼ 17° (see Supplementary Table 2 ). The clusters' magnetizations have strong magnetic anisotropy energies (MAEs) on the order of one milli-electronvolt per Fe atom (Fig.2b,c) . Interestingly, the polarization cloud has an RKKY-like contribution to the MAE (27), as revealed by its behavior as function of the number of Pt atoms considered in the collinear calculation (Fig.2b) . For a sufficient number of Pt atoms taken into account, the calculations predict a preferred orientation of the magnetization perpendicular to the surface ("out-of-plane") for both fcc clusters, and a preferred orientation of the magnetization in the surface plane ("easy-plane") for the hcp hollow cluster. Interestingly, the MAE favors the same orientation as in the system where the constituent atom is individually adsorbed on the surface (29). The case of hcp top cluster is peculiar in that, although the MAE favors an easy-plane orientation by approximately 1.5 meV/adatom in the collinear calculation (see Fig. 2b ), the strong non-collinearity emerging from the Pt substrate reverses the trend and favors instead a nearly out-of-plane orientation by ~0.1 meV/adatom in the non-collinear calculation ( Fig. 2c and Supplementary Fig.5 ). The condition for the occurrence of this remarkable effect can be cast into the simple expression � 
Effective spin model
In order to get a rough idea of the spin degrees of freedom of these GMCs, we map the DFT results onto an effective spin Hamiltonian, which will be later used to link the experiments to the 4 ab-initio results. Considering the application of a magnetic field in the out-of-plane direction, the lowest-order approximate effective spin Hamiltonian reads � =̂+̂2 (11). Here, ̂ is the operator of the out-of-plane component of the total cluster effective spin, is the Landé gfactor, is the Bohr magneton, and is the longitudinal magnetic anisotropy constant. Since the Fe atoms and their nearest neighbor Pt atoms are strongly exchange-coupled among each other (see Supplementary Table 2) , the GMC is treated in this Hamiltonian as a single object with a well-defined macro spin. Neglecting the slight non-collinearity of the three ferromagnetically coupled Fe atoms plus the neighboring Pt atoms in the cluster, the DFT calculated total magnetic moments result in a mapping to a total spin with quantum number of
for the fcc hollow/top and hcp top GMCs, and of ≈ 7 or 15 2 for the hcp hollow GMC. Here we considered the -factors extracted from ISTS as given in Table 1 .
Please note, that the effective spin model is a crude approximation for the case of magnetic impurities strongly interacting with a metallic substrate, since charge fluctuations can inhibit welldefined spin quantum numbers (34). In the following, we choose the closest half-integer spin values (
for fcc hollow/top and hcp top, and 15 2 for hcp hollow) as we will see below that the hcp hollow cluster shows the Kondo effect, which strongly indicates a half integer spin ground state.
However, the following discussion remains valid for the other choices of by adjusting accordingly. Taking into account the positive and negative values of as estimated from the DFT-derived -values for the easy-plane and out-of-plane clusters (see Table 1 ), the resulting qualitative energy level diagrams of the spin Hamiltonian for the two cases are shown in Fig.2d and e, respectively, in zero magnetic field. We expect a degenerate = ± 35) , while the latter typically favors magnetic bi-stability, similar to a classical magnet (5) . We therefore expect that the magnetic properties of the hcp hollow cluster will be drastically different from that of the other clusters.
GMC spin excitations
First, we experimentally investigated the excitations (Fig.1c ) of all four clusters by (I)STS as a function of magnetic field , and for the hcp hollow GMC also as a function of temperature .
Indeed, for the hcp hollow cluster (Figs.3a, Table 1 ), substantiating the out-of-plane character of these GMCs.
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GMC spin dynamics
Due to the out-of-plane MAE of the fcc top/hollow and hcp top GMCs, we expect a bi-stable switching between the = ± 11 2 ground states, which is observable if there are not too frequent tunneling electrons with an energy larger than Δ 01 which will drive the system across the barrier between these two states by sequential excitations (Fig.2e) Note, that there is a considerable shift of these asymmetry curves towards negative magnetic fields which indicates an effective stray or exchange field of the tip (3, 42) on the order of −0.1 T. Moreover, the asymmetry curve recorded on the fcc hollow GMC is apparently inverted with respect to the vertical axis, which might be related with an inverted vacuum spinpolarization of this cluster as compared to the other two clusters, as sensed by the tip apex.
We consequently identify the two spin states (0) and (1) , the g-factors extracted from ISTS (see Table 1 ) and fitting the longitudinal magnetic anisotropy parameter (lines in Figs. 4e-g). The resulting magnetic anisotropies given in Table 1 agree with the parameters determined from ISTS remarkably well, giving a final support for the quasi-classical spin behaviour of the fcc top/hollow and hcp top GMCs, in stark contrast to the Kondo character of the hcp hollow GMC.
GMCs as two-bit and four-bit registers
As suggested by Fig.4g , a spin-polarized tunneling current of sufficiently small bias below the excitation threshold Δ 01 could be used to "read" the quasi-classical spin state of the fcc top/hollow and hcp top GMCs with negligible disturbance. On the other hand, a current biased above this threshold could be used to switch the spin state and thereby "write" information. This is verified by building a two-bit register from two of the magnetically most stable fcc top GMCs located next to each other in a distance of only 2.5 nm (Fig.5a-d ). Indeed, we were able to write the state (0) or (1) into the desired GMC by application of a spin-polarized tunneling current driven by a voltage-ramp crossing Δ 01 that was switched off when the GMC switched from (0) to (1), or vice versa, at wish, without changing the state of the neighbouring GMC. The consecutive read out of the four possible states (01), (11), (10) , and (00) of the two-bit register written like this is shown in Fig.5a-d Figure 5e shows that the state is stable for at least 10 hours, after which we had to stop the measurement due to restrictions imposed by the experimental facility.
Since the GMCs are strongly coupled to a heavy metallic substrate that was experimentally shown to mediate Dzyaloshinskii-Moriya interactions tunable by the distance (23), the realization of a two-bit register of spins, demonstrated here, offers further perspectives for spinbased information processing schemes. One possible scheme made from the two-bit register in Fig.5a-d and an additional hcp-hollow cluster (or alternatively an Fe atom on hcp adsorption site which has easy-plane anisotropy (34)) in close to perpendicular geometry is shown in Fig.5f .
The hcp-hollow cluster should be assembled at a distance where the substrate mediated interaction is strong enough to quench the Kondo screening, permitted by its small Kondo temperature ( B K~0 .4 meV). Since the Dzyaloshinskii-Moriya vector has a strong contribution in the plane and perpendicular to the dotted line (see Fig.5f ) (23), the spin of the hcp hollow cluster (or hcp atom) can be forced into the four different orientations shown in Fig.5f -i depending on the four possible states of the two-bit register.
Discussion
We finally compare the magnetic stability of the three-atomic fcc top GMC investigated here with the system of five Fe atoms constructed on the (111) surface of copper (5) . As shown in Fig.4h , under writing conditions, a number of about = ̅ ⋅ = 10 8 tunneling electrons (at 0.75 nA current and 5 mV bias, slightly depending on the current) is needed for a single switching event of the fcc top GMC. We investigated other fcc top clusters using different tips and found that can be as large as 10 9 (0.75 nA, 10 mV), where the variation between clusters results from small variations in the MAE due to electronic inhomogeneity of the substrate (5 In summary, we experimentally demonstrated that a GMC of only three Fe atoms strongly coupled to a heavy-element substrate constitutes a stable quasi-classical magnet suitable for storing information for hours. Due to the strong coupling of the magnetic bit to a substrate that features non-collinear RKKY-interactions (23), the spin-information can be processed with large
variability, as we demonstrate by the scheme of a four-bit register. Moreover, the chosen substrate platinum is a prototypical strong spin-orbit coupling material widely used in the research on spintronics technology concepts. Therefore, the few-atom magnet we have realized
here is an ideal model system to study the down-scaling of such concepts, as, e.g., the application of spin-orbit torques for writing information (44, 45), to the limit of single atoms. The presented atomic-scale magnetic information storage with tunable interactions therefore offers huge potential flexibility for the study of future nanospintronics components.
Methods
Experimental procedures
All measurements have been performed under ultra-high vacuum conditions in a home-built lowtemperature scanning tunneling microscope facility were the magnetic field is applied perpendicular to the sample surface (46). The Pt(111) single crystal was cleaned in situ by argon ion sputtering and annealing cycles and a final flash as described in ref. (29) . While the sample cooled down to room temperature after the flash, a fraction of a monolayer Co was deposited from an e-beam heated rod resulting in the decoration of the Pt step edges and terraces with Co stripes and islands, respectively, of one atomic layer height (3, 28) (see Supplementary Fig.9 ).
After the sample was cooled to ~4 K, ~1% of a monolayer Fe was co-deposited from an ebeam heated rod. During deposition, the sample temperature did not exceed ~10 K resulting in a statistical distribution of single Fe atoms on the Pt terraces ( Fig. 1a and Supplementary Fig.9 ). 
Master equation model
In order to simulate the GMC dynamics, we used the master equation model in conjunction with the effective spin Hamiltonian as described in ref. (5) . Additionally, we took into account a bias voltage dependent change in the ratio between the coupling of the cluster to the tip, tip , and to the surface, surface , which we observed for the clusters investigated here. To this end, we (Fig.4e) .
Data availability
The authors declare that the main data supporting the findings of this study are available within the article and its Supplementary Information files. Extra data are available from the corresponding author upon reasonable request.
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A. Oswald, R. for hcp top, fcc hollow and top, and = Supplementary Figs. 3 and 4) . The origin of the energy axis has been set with respect to the band-energy of the collinear ( = 0) out-of-plane configuration. The horizontal solid and dashed lines respectively denote the minimum band-energy of the nearly out-of-plane and in-plane configurations, whose difference defines the effective anisotropy eff . d,e, Schematic diagrams of energy levels in zero magnetic field for the easy-plane case of the hcp hollow cluster (d, > 0) and the out-of-plane case of the fcc top, fcc hollow, and hcp top clusters (e, < 0), illustrating the effective spin model used for the simulation of the magnetization dynamics. Δ 01 in e denotes the splitting between the ground and first excited states. . Solid lines in e, f, and g are the corresponding model calculations using an effective spin of = 11/2 with parameters of the magnetic anisotropy constants , the -factors, and the tunnel couplings as given in Table 1 and the Methods section. Dashed lines in g indicate the energies Δ 01 of the first excited state for each cluster type determined from ISTS (see Supplementary Table 5 (11), (10) , and (00), where 0 and 1 correspond to downwards and upwards pointing magnetization, respectively (imaging parameters: = −1 mV, = 500 pA, = 0 T, = 0.3 K). The Fe atom in the back serves as a marker for the apparent height. Between the images, the tip was positioned on top of the cluster whose state was intended to be changed, the bias was slowly increased until the state switched, and then quickly decreased to the imaging parameter. e, The long-term stability of one of the two magnetic bits is shown by measuring the height of the cluster (orange trace) in the state 0 over more than 10 hours ( = −0.7 mV, = 50 pA, = 0 , = 0.3 ), without a single switch into the state 1, whose height reference is given by the red dotted line which was determined from the magnetic contrast in images a to d. f to i, Top view schematic diagram of a possible register with four different realized spin states on a hcp hollow cluster. The two upper circles in each panel illustrate two fcc top clusters prepared in magnetization states up (dot) or down (cross). The lower circle in each panel signifies a hcp hollow cluster (or a hcp-atom), which is forced into one of the four spin states indicated by the thick arrow, as dictated by the Dzyaloshinskii-Moriya interaction (orientation indicated by the two thin arrows) to the two neighboring clusters. 
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SUPPLEMENTARY INFORMATION
Supplementary Note 1 | Determination of the GMC structure
In order to determine the internal structure of the GMCs, we assembled several individual fcc and hcp atoms close to the built GMCs, as shown in the top of Supplementary Fig.1 exemplarily for one of the GMCs. The stacking type (fcc, hcp) of the individual Fe atoms is unambiguously identified by their characteristic ISTS signature 1 . Thereby, we can put a lattice of Pt surface atoms with assigned fcc and hcp adsorption sites on top of the GMCs topography ( Supplementary Fig.1) , and conclude that it contains either three fcc or three hcp atoms on nearest neighboring adsorption sites. Moreover, the GMC is not exactly round shaped, but slightly has the form of a downwards pointing triangle. We therefore conclude that this GMC is an fcc top cluster. The same procedure leads to the identification of the internal structure of the three other GMCs, which are shown schematically in the bottom of Supplementary Fig.1 . 
Supplementary Note 2 | Density Functional Theory
Computational details Density functional theory (DFT) calculations were performed in the framework of the Korringa-Kohn-Rostoker Green function (KKR-GF) real-space approach in the atomic sphere approximation with full charge density and including spin-orbit coupling 2, 3 . The exchange and correlation effects were taken into account using the local spin-density approximation (LSDA) as parametrized by Vosko, Wilk and Nusair 4 . The Pt(111) surface was modeled by a slab of 24 Pt layers augmented by two vacuum regions 21.1Å thick each, using the experimental lattice constant (a = 3.92Å). To capture all the details of the hcp top and fcc top structures we have performed additional calculations using a slab containing 64 Pt atoms, corresponding to a 3x3 two-dimensional unit cell and 6 Pt layers (see next subsection and Supplementary Figure 2 for more details). The Fe trimers were constructed by cutting out a real space cluster centered on the positions to be occupied by the Fe atoms, which is embedded into the Pt substrate (see Fig. 2a of the main text). We have made sure that our results are converged with respect to the number of Pt atoms in the cluster, given that the MAE is found to be very sensitive to the Pt spin-polarization. Following this approach, we have modeled the four different structures analyzed in the main text, namely hcp hollow (194 Pt atoms in the cluster), hcp top (188 Pt atoms), fcc hollow (156 Pt atoms) and fcc top (170 Pt atoms).
For each of the four configurations, the vertical relaxation of the trimer was calculated using the QUANTUM-ESPRESSO package 5 , imposing a relaxation criterion whereby the vertical force exerted on individual Fe atoms and Pt atoms of the surface layer is <10 −4 Ry a.u. −1 . The computational modeling of the system was done employing the repeated slab approach considering 86 atoms per unit cell, an energy cutoff of 40 Ry, a Gamma-point reciprocal-space mesh and ultrasoft fully relativistic pseudopotentials. In the hcp hollow and fcc hollow configurations, the trimer relaxes vertically 17.5% towards the surface (0% corresponds to the ideal interlayer separation in bulk, a/ √ 3 = 2.26Å), and the height of the Pt surface layer remains approximately constant. In contrast, in the hcp top and fcc top configurations, one of the surface Pt atoms is shifted with respect to the rest of the Pt surface layer, as schematically illustrated in Supplementary Figure 2 . Note that this particular Pt atom lies underneath the center of the Fe trimer and is therefore the only substrate atom that is a nearest neighbor of every Fe adatom. Finally, total energy calculations predict that the fcc and hcp hollow configurations are the energetically most stable ones (the calculated energy difference between the two is below our numerical precision), followed by fcc top (35 meV/adatom higher) and hcp top (45 meV/adatom higher).
Magnetic moments, orbital moments and exchange parameters The magnetic moments obtained using the KKR-GF approach are summarized in Supplementary Table 1 . In all cases, we find that the magnetic moments of individual Fe adatoms are close to 3.5 µ B , while the surrounding Pt atoms have a substantial total contribution that ranges between 1.4 and 2.2 µ B depending on the cluster type. It is particularly noteworthy that in the hcp top and fcc top configurations, the Pt atom with 10% vertical distance height (see previous subsection and Supplementary Figure 2 The calculated magnetic exchange interaction parameters of the Fe trimer are summarized in Supplementary Table 2 . For completeness, we have included calculations performed in the hcp top and fcc top structures where the single Pt surface atom underneath the center of the trimer was not shifted with respect to the rest of surface Pt atoms; we add a label 'c. h.' (constant height) to denote this structures. The MAE, denoted by K, has been calculated ab initio following the magnetic force theorem 6 . The rest of the parameters have been evaluated based on the generalized Lichtenstein formula [7] [8] [9] . Due to the C 3v symmetry of the system the three Dzyaloshinskii-Moriya (DM) vectors are fully specified by two parameters, D and D ⊥ (see Suppl. Figs. 3 and 4): In addition, we have employed a scheme 8 that allows to incorporate the effect of the spin-polarized Pt substrate into the direct exchange coupling J, yielding a renormalized parameter J renorm . We find that all the calculated J's shown in Supplementary Table 2 are fairly large and negative, thus favouring a ferromagnetic coupling between the spins of the Fe trimer. Moreover, the renormalization induced by the Pt substrate has the net effect of increasing the magnitude of the J's by approximately 20-30%, thus favouring even more the ferromagnetic coupling. In comparison, the DM interaction is nearly one order of magnitude smaller, except for the case of the hcp top structure, both in the normal and c. h. case. It is noteworthy that the J/D ratio varies by nearly 30%, thus revealing a large effect induced by the single shifted Pt atom.
Non-collinear spin structure Our DFT calculations have found a close competition between two almost ferromagnetic, slightly non-collinear spin configurations for the four trimers. In one of them, the magnetic moments point mainly along the out-of-plane direction with a non-collinearity polar angle θ as illustrated in Supplementary Figure 3 . In the other one, shown in Supplementary Figure 4 , the magnetic moments point nearly in-plane with two of them opening with a noncollinearity angle denoted as x. The corresponding band energy calculations, denoted by ∆E b , have been performed in two steps. Firstly, we have converged the solution to a strictly ferromagnetic out-of-plane configuration. Secondly, we have performed band energy calculations employing the magnetic force theorem 6 of canted configurations with varying opening angle, both for the setup illustrated in Supplementary Figures 3 and 4 . The results are illustrated in Supplementary  Figure 5 for all the configurations, including the 'c. h.' discussed in Supplementary Table 2. This figure shows that the nearly out-of-plane configuration is the most stable one for hcp top, fcc hollow and fcc top structures. In the particular case of hcp top, we note that it is necessary to consider the structure with the single shifted Pt atom in order to obtain the correct orientation of the magnetic moments that is in accordance with experimental measurements. Furthermore, we emphasize the importance of the energy minimization induced by the non-collinearity for the hcp top cluster; even though the ferromagnetic alignment favors the in-plane direction by nearly 1.5 meV/adatom, the energy gained by the non-collinearity reverses the trend and favours instead a nearly out-ofplane orientation with large canted angles of approximately θ = 17
• by ∼ 0.1 meV/adatom. In Parameters used for the fits of the T dependent spectra measured on the hcp-hollow cluster (Fig.3b of main manuscript). In order to estimate the Kondo temperature T K , the resulting temperature dependence of Γ was fitted to the power law 12 Γ(T ) = 1 2
(αk B T ) 2 + (2k B T K ) 2 resulting in T K = 4.19 K (α = 11.8) which is illustrated as a grey line in Fig.3d together with the data. Additionally, we compare to published numerical renormalization group calculations for a spin-1/2 impurity in the strong coupling regime 13 , given by the grey dots in Fig.3d , resulting in a similar value of T K = 4.64 K. Supplementary Note 4 | ISTS Supplementary Fig.7 (left panels) show dI/dV curves measured on the hcp top, fcc hollow and fcc top GMCs as a function of the out-of-plane oriented magnetic field. They reveal features at positive and negative bias voltage linearly increasing symmetrically around the Fermi energy (V = 0 mV) as a function of B. The associated d 2 I/dV 2 curves (right panels) have peaks and dips at the corresponding bias voltages. This behavior is the fingerprint of a spin excitation of an out-of-plane easy axis system 1 . Note, however, that the shape of the features in the spin excitation spectra partly deviates from the usual step-like appearance typically found for magnetic atoms which are more strongly decoupled from a metallic substrate 14, 15 . This might indicate deviations from the simple effective-spin model where the magnetic impurity is artificially separated into an interior part (effective spin) that is excited by the tunneling electrons, and an exterior part that interacts with the effective spin leading to damping of the spin excitations. In the present system, this border is not well defined due to the GMC character of the magnetic impurity, which can lead to excitation spectra that strongly deviate from the simple step shape 16 . We extract the corresponding excitation energies ∆ 01 by searching the center of the symmetric peaks/dips in the d 2 I/dV 2 curves, which are marked by crosses, both in the dI/dV as well as in the d 2 I/dV 2 curves. The extracted excitation energies ∆ 01 are plotted in Supplementary Fig.8 as a function of B. Indeed, there is a linear behavior, as expected from the out-of-plane system. By fitting a linear function to these plots, we extracted the g-factors via g = 1/µ B · d∆ 01 (B)/dB. The accordingly determined parameters ∆ 01 and g of the three GMCs are given in Supplementary Table 5 . Here, we distinguish between the values determined from the excitation on the negative (neg.) and positive (pos.) bias voltage sides, which allows us to estimate the error, which is given in the Table of the main manuscript text. Supplementary Figure 8 | Spin excitation energies determined from ISTS. The plotted spin excitation energies ∆ 01 (markers) were determined from the spectra in Supplementary Fig.7 . The lines are fits of the excitation energies on the positive and negative side to linear functions. 
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